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Abstract Terrestrial loads of dissolved organic matter (DOM) have increased in recent years in many north
temperate lakes. While much of the focus on the “browning” phenomena has been on its consequences for
carbon cycling, much less is known about how it inﬂuences nutrient loading to lakes. We characterize
potential loads of nitrogen and phosphorus to seepage lakes in northern Wisconsin, USA, based on a
laboratory soil leaching experiment and a model that includes landscape cover and watershed area. In these
seepage lakes, nutrient concentrations are positively correlated with dissolved organic carbon
concentrations (nitrogen: r = 0.68, phosphorus: r = 0.54). Using long-term records of browning, we found that
dissolved organic matter-associated nutrient loadings may have resulted in substantial increases in nitrogen
and phosphorus in seepage lakes and could account for currently observed nutrient concentrations in the
lake. “Silent” nutrient loadings to brown-water lakes may lead to future water-quality concerns.
Plain Language Summary The color of many temperate lakes is changing; some lakes are
becoming more darkly stained brown. The tea-colored stain is due to dissolved organic matter from the
surrounding landscape. Much of the research related to the causes and consequences of increased staining,
or “browniﬁcation,” relate to its connection to the carbon cycle. However, by examining long-term lake
chemical records, analyzing the properties of the organic compounds, and modeling potential ﬂows of the
compounds, we ﬁnd that carbon is not the only element that is inﬂuenced by browning. Nitrogen and
phosphorus, two nutrients important to growth of organisms at the base of the food web, may also be
increasing in lakes due to browniﬁcation.
1. Introduction
Dissolved organic carbon (DOC) concentrations are increasing in many lakes across temperate North
America and Europe (Clark et al., 2010; Monteith et al., 2007). Increases in lake chromophoric DOC concen-
tration often cause staining, or “browning,” of lake water (Monteith et al., 2007; Roulet & Moore, 2006).
Browning affects a range of physical and ecological attributes and processes within a lake (Solomon et al.,
2015), including water transparency and thermal structure (Read & Rose, 2013), phytoplankton community
composition (Brown et al., 2016), bacterial production (Hessen, 1992), and ecosystem respiration (Hanson
et al., 2003, 2015; Zwart et al., 2016). The leading hypothesis for the cause of browning is related to acid rain
recovery in soils, such that decreases in atmospheric sulfate deposition have caused increases in soil pH
and reductions in soil ionic strength that have increased organic matter solubility, and ultimately, DOC
ﬂux from soils to receiving waters (Clark et al., 2010; Evans et al., 2012). While this mechanism is debated
and other causes have been suggested (e.g., climate change, Oni et al., 2013; shifts in drought or preci-
pitation regimes, Eimers et al., 2008; land-use change, Garnett et al., 2000; and nitrogen deposition,
Pregitzer et al., 2004), an impact of the browning process that has been largely ignored is its inﬂuence
on lake nutrient loading.
Browning typically results from increased ﬂow of dissolved organic matter (DOM) to lakes, and while much
attention has been paid to the associated increase in DOC load, browning may also inﬂuence nutrient ﬂows.
DOM can either contain or complex with nitrogen (N) and phosphorus (P; Dillon & Molot, 1997; Hessen et al.,
2009; Kortelainen, 1993), and in some cases, this allochthonous or terrestrially derived material provides the
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majority of nutrients to brown lakes (Berggren et al., 2015). However, both the total and relative quantities of
nutrients derived from this ﬂux are not well constrained. Studies of leachates from different terrestrial mate-
rials illustrate that DOM contains different amounts of N and P (Buckeridge et al., 2016; Lennon & Pfaff, 2005;
Wallace et al., 2008). Hence, depending on the source material, increases in DOM input from leachates may
greatly impact the total quantity, as well as relative quantity or stoichiometry, of N and P ﬂows to lakes
(Dillon & Molot, 2005; Stoddard et al., 2016).
The chemical characteristics of DOM are related both to the processes that inﬂuence it during transport to
receiving waters and to its source material (Aiken & Cotsaris, 1995; Marin-Spiotta et al., 2014; Thurman,
1986, and references therein), the latter being a focal point of this study. Wetlands in lake catchment areas
are well recognized as important sources of DOM to lakes (e.g., Dillon & Molot, 1997; Kortelainen, 1993;
Stets & Cotner, 2008), but other sources include upland forest soils (Qualls et al., 1991; Solinger et al.,
2001), aerial plant inputs (France & Peters, 1995), groundwater (Einarsdottir et al., 2016), and tributary streams
(Cotner et al., 2004). To reduce some of these complexities, we focus on seepage lakes: lakes with no surface
inputs or outputs, that are fed primarily by precipitation or runoff, and that typically have limited local
groundwater connection (Wetzel, 2001). The simpliﬁed hydrology of these systems reduces the number of
potential DOM sources needing to be considered (Driscoll et al., 2016; Webster et al., 1990) to those related
to runoff or shallow subsurface ﬂows (Hinton et al., 1998); hence, we focus on wetland and forest soils as the
main potential DOM sources to seepage lakes.
Our objective is to consider potential nutrient loads of DOM to seepage lakes in northern Wisconsin, a lake-
rich region that is recovering from acid rain deposition (Stoddard et al., 1999) and where some lakes are
browning (Jane et al., 2017). First, we identify trends in browning using long-term records collected from a
wilderness area, the Rainbow Lakes Wilderness (RLW) in the Chequamegon-Nicolet National Forest (CNNF).
Then we determine the C, N, and P content of leachates from representative soils in the area. Next, we com-
bine these historical records with laboratory studies to model how leachates, based on different surrounding
landscape area extents, can contribute to potential N and P loadings to lakes, both in terms of quantity and
stoichiometry. Then we ask, despite the many processes that can inﬂuence nutrient ﬂuxes into and within
lakes, are modeled leachate N and P ﬂuxes a potential substantial source of nutrients to seepage lakes?
2. Materials and Methods
2.1. Description of Study Region
The CNNF encompasses over 600,000 ha of northern Wisconsin, USA. The soils are mostly sand, sandy or silt
loams, or wetland or organic soils (Natural Resources Conservation Service, 2017). The mixed deciduous-
coniferous forests contain approximately 2,000 lakes and ponds, many of which are seepage lakes with mini-
mal anthropogenic disturbance. DOM in lakes in this region is almost entirely allochthonous (Wilkinson et al.,
2013). Lakes in this region are warming, but probably less than 1–2 °C in the last 30 years (Winslow et al.,
2015). Data are included in this study from 17 lakes from across the CNNF, including the RLW area, which
the U.S. Forest Service, in collaboration with other agencies and research partners, have been sampling spor-
adically since 1984 (Ford et al., 1993). Three of the focal lakes, Morgan, Gates, and Jupa, were chosen to span a
range of low, medium, and high DOC concentrations (LO-DOC, MED-DOC, and HI-DOC, respectively).
Information about all 17 lakes can be found in Table S1 in the supporting information.
2.2. Long-Term Trends in Browning in Northern Wisconsin
We used air and water-quality records to estimate historic shifts in acid rain deposition and terrestrial loads of
DOM. Wet deposition records were retrieved from the National Atmospheric Deposition Program (2017); we
compared estimates of sulfate and nitrate deposition between 1988–1992 and 2008–2012 at sites WI36 and
WI37 to deﬁne acid rain reduction in the region. The U.S. Forest Service measured sulfate (SO4
2), pH,
and color from 1984 to 2016 from the RLW lakes. Fourteen years are missing from the data and not all
parameters were collected each sampling year (Data Set S1). Based on recommendations within Hirsch
et al. (1991) and Helsel and Hirsch (2002), we used a step trend procedure to determine temporal change
in each parameter. Samples were grouped into time periods based on large breaks (4 years or more of
missing data) in sample collection (with sampled years listed in parentheses): 1990s (1994 or earlier), 2000s
(1999–2004), and 2010s (2007 and later); only data from samples collected during summer stratiﬁcation
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(June, July, and August) were used. As the number of sample years differed among time periods, we used the
median parameter value of each lake to perform a paired Wilcoxon signed-rank test between each time
period (i.e., 1990s–2000s, 2000s–2010s, and 1990s–2010s) and a Hedges-Lehmann estimator to determine
differences among time periods.
Historic lake color data were converted to DOC concentrations using linear regression of both parameters
from seven lakes in the RLW sampled between 2013 and 2016. In 2016, 14 lakes across the CNNF, including
four from the RLW, were sampled for total nitrogen (TN) and total phosphorus (TP) concentrations during
summer lake stratiﬁcation (Table S1). We used correlation analysis to investigate relationships between differ-
ent historic water-quality parameters and to investigate relationships between DOC concentrations and
nutrients based on sampling in 2016. A Shapiro-Wilk test was used to test assumptions of normality between
data pairs; when the assumption of normality was not rejected (p> 0.05), we report the Pearson correlation’s
coefﬁcient, when it was, the Spearman’s correlation coefﬁcient.
2.3. Leachate Collection and Analysis
Potential nutrient loads associated with browning were estimated by analyzing the chemical composition of
leachates derived from soils. Soils were collected with a 5-cm (internal dimension) stainless steel core from
peat soils along the perimeter of HI-DOC and sandy soils along the perimeter of MED-DOC. Five cores were
taken at each site, and each core contained the upper 10 cm of soil. While deeper ﬂow paths may inﬂuence
solute movement to these seepage lakes, work wetland-forest dominated catchments in northern Wisconsin
(Elder et al., 2000; Krabbenhoft et al., 1995) and elsewhere suggest ﬂow path importance of DOC to surface
waters decreases with depth (Laudon et al., 2007). Leachates were extracted from soils mixed in Nanopure
water using an orbital shaker (rpm = 150, time = 4 hr) and analyzed for DOC and total dissolved N and P
(TDN and TDP) following standard methods (American Public Health Association, 1998). Details of the leach-
ing procedure and chemical analysis can be found in Text S1.
2.4. Watershed Leachate Potential
We considered potential nutrient loads associated with allochthonous loads of carbon in two ways: ﬁrst,
based on contemporary carbon budgets, and second, based on historical browning trends. Our ﬁrst
method, Model 1, is an index of the relative importance of watershed buffer zone size to nutrient loads
in the LO-, MED-, and HI-DOC lakes based on a carbon budget of lakes in northern Wisconsin. Our second
method, Model 2, is an index of soil leachate nutrient loads to receiving lakes based on historic increases
in DOC described in section 2.2.
2.4.1. Model 1: Potential Leachate Loads to Seepage Lakes
In Model 1, we estimate allochthonous nutrient inputs into seepage lakes based on a model of carbon loads
to lakes in northern Wisconsin, similar to Buffam et al. (2011). Buffam et al. (2011) developed a regional C
budget for the Northern Highlands Lake District based on major C ﬂuxes into and out of forest, wetlands,
and surface waters. In our model, we focus on the hydrological ﬂow paths from Buffam et al. (2011) of
prime relevance to DOM loading to seepage lakes: shallow subsurface ﬂows or soil runoff. Therefore,
nutrient loads based on this ﬂow path are modeled using forest or wetland cover, watershed area, and
leachate stoichiometry.
Estimates of soil carbon leachates were based on the amount of forested or wetland area within each
watershed (Buffam et al., 2011). As it is difﬁcult to determine thewatershed area of seepage lakes due to subtle
topographic relief and relatively low-resolution of current elevational mapping products, we used a range of
contributing areas most likely to contribute to DOC loads: 25–1500 m perimeters around a lake (Gergel et al.,
1999; Soranno et al., 2015). We determined the proportion of wetland and forested areas in these contributing
areas using the Wisconsin Initiative for Statewide Cooperation on Landscape Analysis and Data land cover
data. “Forest” includes coniferous, broad-leaf deciduous, and mixed deciduous/coniferous classiﬁcations
and “wetland” includes emergent/wet meadows, lowland shrub, and forested wetland classiﬁcations. Then
we used the mean stoichiometric relationships of C to N (C:N) and C to P (C:P) for each leachate source to
determine potential N and P loads to the lakes.
To determine nutrient loads into each lake, we used the following equation:
Ii; x ¼ Ai;jCSoil;i;j X : CSoilð Þj;
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where I is the input, x is the nutrient (N or P), A is the area of the land cover type of the buffer zone, C is the
carbon content of the soil leachate, X:C is the ratio of nutrient x to carbon in the soil leachate, j is the land
cover type (forest or wetland), and i is the buffer zone width.
2.4.2. Model 2: Nitrogen and Phosphorus Loading Based on Changes in DOC
The second approach considered potential N and P loading to lakes based on historic browning trends in terms
of predicted lake N and P concentrations. First, as described above, we used long-termestimates of lake brown-
ing from the RLW to deﬁne the increase color between the 1990s and 2010s and a regression equation to
model DOC from color. We sampled the latter 10,000 times with replacement to generate a bootstrapped error
term (Snedecor & Cochran, 1989; Yanai et al., 2010). Potential nutrient loads to each lake were estimated using
the stoichiometric ratios of C, N, and P in the soil leachates as DOC associated with lake browning is thought to
be derived solely from soil DOM inputs (Evans et al., 2012). To generate bootstrapped distributions of potential
lake TN and TP concentrations, we sampled with replacement from the measured leachate values and multi-
plied these values by a sample with replacement from the modelled DOC increases. While differential proces-
sing of N or P in the watershed along the ﬂow path from soils into the lake or within the lake would mean that
actual N and P concentrations would differ from those that this model suggests, we use this model to consider
the whether or not the potential magnitude of N and P loading associated with browniﬁcation could be a sub-
stantial source of nutrients to lakes. We do this by graphically comparing observed TN and TP concentrations
to those predicted by our model. All statistical analyses were performed in R (R Core Team, 2017).
There are several assumptions within the model. First, when calculating DOC loads related to browning, we
did not account for whether DOC was respired or otherwise processed in the lake between the 1990s and
2010s (Hanson et al., 2011). If allochthonous DOC is respired, then our estimate of loads is conservative while
if sedimentation rates decreased or increased between the 1990s and 2010s, our estimates could be exagger-
ated or conservative, respectively. Second, we did not consider changes, either seasonal or long-term, in lake
water levels even though they can inﬂuence water chemistry (Marin et al., 1990; Webster, 1993; Webster &
Brezonik, 1995). To minimize the potential inﬂuence of seasonal water level ﬂuctuations, we only used
water-quality information from the summer. We did not account for longer-scale ﬂuctuations, per se, but
because calculations of N and P loads are based on DOC shifts, any hydrologic changes that would inﬂuence
DOC concentrations are implicit. We are unable to bound these uncertainties in this study, so results should
be considered for their heuristic value.
3. Results
3.1. Long-term Trends in Browning in Northern Wisconsin
Water-quality records from the RLW are consistent with acid rain recovery. Regional atmospheric sulfate and
nitrate deposition rates decreased 60% and 40%, respectively, between the 1990s and 2010s (Figure S1). Lake
sulfate concentrations decreased by 42% (median) or 1.39 (95% CI [2.05, 0.46] mg SO42 L1 (p < 0.05,
V = 27) while the trend in pH was indeterminate (Figure S2 and Table S2). Water color increased by 134%
(median) or 44.8 Pt-Co [17.0, 77.2], p < 0.05, V = 28, with darkening evident in all lakes (Figure 1a). The great-
est increase in browning happened between the 2000s–2010s. Decreases in sulfate were directly related to
increases in color (r = 0.74, p = 0.057; Figure 1b) and increases in color were signiﬁcantly correlated to
the color of the lakes in the 1990s (r = 0.96, p < 0.001; Figure 1c).
Based on the relationship between water color and DOC (Figure S3), the RLW increase of color correlates with
an increase of 9.66 mg C1 L [4.01, 12.90] in lake waters. Across lakes, nutrient concentrations were positively
related to DOC concentrations (TN: r = 0.68, p < 0.01; TP: r = 0.52, p < 0.05, Figure S4).
3.2. Leachate Chemistry and Watershed Leachate Potential
Wetland soil was a greater source of leachate C and P in terms of both potential quantity (μg nutrient g1 soil)
and lower stoichiometric ratios of C:Patomic (185 versus 459, respectively) and N:Patomic (7 versus 31, respec-
tively) than forest soil. The wetland soil was also a greater source of leachate N in terms of quantity, but wet-
land soil leachate had a higher C:N ratio than that of forest soil leachate (25 versus 17, respectively). The
stoichiometry of soil leachates varied based on watershed boundary size, reﬂecting proportions of forest
or wetland area (Figure 2). Overall, larger watershed resulted in P-rich leachates (i.e., N:P ratios lower than
16:1, “Redﬁeld ratio” indicative of N:P balance in aquatic ecosystems, Redﬁeld, 1958).
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3.3. Lake Browning and Leachates
Based on our model of potential allochthonous nutrient loads associated with browning, we found that med-
ian lake nutrient concentrations could have risen between 336 and 563 μg N L1 and 42–105 μg P L1 across
the 14 lakes between 1990 and 2016 (Figures 3a–3b). In most lakes, leachate-derived values for nutrient con-
centrations were greater than contemporary concentrations of TN and TP. However, lake N concentrations
due to potential allochthonous N loadings are more similar to current lake N concentration than lake P
Figure 1. (a) Water color in lakes from the Rainbow Lakes Wilderness area in the Chequamegon-Nicolet National Forest, WI,
from 1984 to 2016. Bars represent lake median values for each time group (1990s [1994 or earlier], 2000s [1999–2004],
and 2010s [2007 and later]). Brackets with asterisks indicate signiﬁcant differences between time periods (p < 0.05).
Changes in browning are related to (b) decreases in lake sulfate concentrations and (c) water color in the 1990s.
Figure 2. The stoichiometry of potential watershed leachates to the three study lakes.
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concentrations due to potential allochthonous P loadings. Current lake P concentrations are ca. 14% of what
allochthonous P loadings from browning would suggest. Leachate N:P ratios tend to be less than 16 and less
than current mean lake N:P ratios (63 ± 21; Figure 3c).
4. Discussion
Our results show that browning trends observed in other parts of North America and Europe (Monteith et al.,
2007) are also found in seepage lakes in northernWisconsin. Since the 1990s, soils may have leached substan-
tial loads of N and P, in addition to organic C, to receiving lakes; these nutrients could completely account for
N and P concentrations in the lakes. If lake browning eventually subsides, either if soils leach less DOM or lake
ecosystems become more efﬁcient at mineralizing DOM (Hanson et al., 2011), nutrients associated with the
stain may remain in the lakes and could spur algal or bacterial growth.
4.1. Increased Browning in Northern Wisconsin
Our step trend analysis suggests that DOM increases in Wisconsin seepage lakes are offset by approximately
a decade relative to those increases observed in the Adirondacks (NY, USA) and Northeast (USA) from the U.S.
Environmental Protection Agency Temporally Integrated Monitoring of Ecosystems project (Strock et al.,
2014). Lakes in the upper Midwest may be exhibiting a delayed response to acid rain recovery compared
to other regions, or are responsive to other drivers of environmental change (e.g., shifts in precipitation
regimes, Eimers et al., 2008).
Interestingly, in a study considering long-term trends in browning in Wisconsin, others found little evi-
dence of widespread browning or increases in DOC concentrations in seepage lakes (Jane et al., 2017).
Figure 3. Comparison of potential increases in (a) lake total nitrogen (TN; “Leachate-TN”) and (b) lake total phosphorus (TP;
“Leachate-TP”) based on increases of dissolved organic carbon (DOC) from Rainbow LakesWilderness area with lake TN and
TP concentrations in 2016. For leachate-associated values, error bars represent the 25% and 75% quantiles of the data and
points represent the medians (n = 10,000). The black line on each graph represents the 1:1 line. (c) Nitrogen to phosphorus (N:P)
ratios of potential loads of allochthonous soil leachates associated with lake browning. Error bars represent the 25% and 75%
quantiles of the data and points represent the medians (n = 10,000). The gray line represents an N:P ratio of 16.
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However, ﬁve of the six lakes included in their study had low concentrations of DOC (5 mg C L1 or less);
the lake with the highest DOC concentrations (5–20 mg C L1), comparable to lakes in our study, did show
signiﬁcant increases in DOC between 1990 and 2015. Indeed, our work suggests that browning trends may
be stronger in lakes that were already stained in the 1990s—hence, historical data sets that do not
include brown lakes may not adequately sample regional trends. A larger historical data set from the
upper Midwest lakes would allow for a better understanding of how the observed changes in seepage
lake chemical properties are related to environmental change, whether these changes are more dramatic
for seepage lakes inﬂuenced by peatlands, and how these lakes may be sensitive to future
environmental change.
4.2. N and P Dynamics Related to Lake Browning
Our results demonstrate the nutrients associated with DOM may substantially inﬂuence N and P concentra-
tions in lakes, supporting short-term experimental results by Zwart et al. (2016) and present-day correlations
between DOC and TN and TP (Figure S4). The low N:P ratio (<16) of soil leachates suggests a potential con-
sequence for primary production given that lakes in northern Wisconsin are generally thought to be P-limited
(Hanson et al., 2003). Phytoplankton biomass should be monitored in these and other seepage lakes with
surrounding peatlands.
Low primary production rates can occur despite potentially high nutrient loading in lakes when photoauto-
trophs are light limited (Deininger et al., 2017). Current concentrations of DOC in lakes included in this study
range from 3.8 to 35.3 mg/L (Data Set S1), concentrations that ﬂank those used by Seekell et al. (2015) to
demonstrate a shift from nutrient limitation to light limitation. Hence, if the same cutoffs apply in
Wisconsin lakes, browning in the upper Midwest may have shifted primary production in these lakes from
primarily nutrient limited to light limited. Any shift in DOM inputs or decrease in stain through photo-
oxidation or bacterial processing may increase light availability to prebrowning levels (Graneli et al., 1996;
Molot & Dillon, 1997; Vahatalo & Wetzel, 2008); nutrient demand by photoautotrophs may quickly be met
by nutrients now present in the lake.
Calculations from our model of potential N and P loading suggest that browning may account for all of the
N and P in the water column in seepage lakes in the CNNF. The greater discrepancy among modeled and
actual P concentrations versus N concentrations also suggests differential processing of leachate N and P
either in the watershed or in the lake (Figure 3). Leached DOM may be adsorbed or chemical altered as
it is transported downward through mineral soils (Kalbitz et al., 2000). Hence, soils may retain more P than
N and the N:P ratio of the loads into the lake may be greater than the N:P ratio of the soil leachates used in
our model. Likewise, in lakes, greater sedimentation rates of P than N is common (Oliver, 2017) and could
lead to higher N:P ratios in the water column that the N:P ratio of the soil leachates. Future work examining
soil porewater chemical properties and ﬂow paths and/or lake sediment cores could help to differentiate
these possibilities.
4.3. Model Assumptions and Limitations
Our results, and their applicability to other lakes, should be considered in light of several of the limitations of
our models. We did not consider alternative sources of N or P to the lakes, for example, aerial leaf inputs,
pollen, weathering, or atmospheric deposition (Eimers et al., 2017; Selbig, 2016). However, despite this,
we found that browning could have led to substantial increases in nutrients in the lakes. Second, we focused
on the two main soil types in the region. Further sampling on more soil types is warranted to better con-
strain the estimates of allochthonous loads into these and other lakes. Yet results from similar leaching
experiments support the trends that we found in wetland versus forest soils. Kissman et al. (2017) recorded
C:N:P ratios of leachates from bog soils in montane forests ~167:11:1, supporting our conclusion that P
enrichment relative to N may be more likely in wetland-dominated landscapes. Qualls et al. (1991) found
C:N:P ratios of soil leachates from the organic horizon in montane forests ~3601:76:1, supporting our conclu-
sion that forest soils are relatively P poor. And ﬁnally, we were unable to constrain the watershed area that
contributes leachates to the lakes. Although this added uncertainty to our estimates of N and P loadings, it is
a realistic representation of seepage lakes, where watershed inﬂuence varies both among different water-
sheds and temporally within a watershed (Gergel et al., 1999; Webster et al., 1996). Despite the aforemen-
tioned caveats, our heuristic and empirical modeling approaches establish that browning-associated
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loading of N and P may have ecological relevance and, therefore, should be further considered in the con-
text of lake browning.
5. Conclusions
Leachates that brown seepage lakes also contribute nutrients to those lakes. As leachate source is important to
understanding the absolute and relative quantities of N or P that are leachable, it is necessary to understand
watershed characteristics in other lakes to predict nutrient load responses to lake browning. In lakes that are
highly colored, but have not yet reached light-limitation, browning could stimulate phytoplankton or bacterial
growth. Conversely, in lakes that are brown and phytoplankton growth is light limited, allochthonous nutrient
loads may lead to unexpected shifts in water-quality or ecological processes if/when browning attenuates.
References
Aiken, G. R., & Cotsaris, E. (1995). Soil and hydrology: Their effect on NOM. Journal of the American Water Works Association, 87, 36–45.
APHA (1998). Standard methods for the examination of water and wastewater. Washington, DC: APHA-AWWA-WEF.
Berggren, M., Sponseller, R. A., Alves Soares, A. R., & Bergstrom, A.-K. (2015). Toward an ecologically meaningful view of resource
stoichiometry in DOM-dominated aquatic systems. Journal of Plankton Research, 37, 489–499.
Brown, R. E., Nelson, S. J., & Saros, J. E. (2016). Paleolimnological evidence of the consequences of recent increased dissolved organic carbon
(DOC) in lakes of the northeastern USA. Journal of Paleolimnology. https://doi.org/10.1007/s10933-016-9913-3
Buckeridge, K. M., Schaeffer, S. M., & Schimel, J. P. (2016). Vegetation leachate during Arctic thaw enhances soil microbial phosphorus.
Ecosystems, 19, 477–489.
Buffam, I., Turner, M. G., Desai, A. R., Hanson, P. C., Rusak, J. A., Lottig, N. R., et al. (2011). Integrating aquatic and terrestrial components to
construct a complete carbon budget for a north temperate lake district. Global Change Biology, 17, 1193–1211.
Clark, J. M., Bottrell, S. H., Evans, C. D., Monteith, D. T., Bartlett, R., Rose, R., et al. (2010). The importance of the relationship between scale and
process in understanding long-term DOC dynamics. Science of the Total Environment, 408, 2768–2775.
Cotner, J. B., Biddanda, B. A., Makino, W., & Stets, E. (2004). Organic carbon biogeochemistry of Lake Superior. Aquatic Ecosystem Health and
Management, 7, 451–464.
Deininger, A., Faithful, C. L., & Bergstrom, A.-K. (2017). Phytoplankton response to whole lake inorganic N fertilization along a gradient in
dissolved organic carbon. Ecology, 98, 982–994.
Dillon, P. J., & Molot, L. A. (1997). Effect of landscape form on export of dissolved organic carbon, iron, and phosphorus from forested stream
catchments. Water Resources Research, 33, 2591–2600. https://doi.org/10.1029/97WR01921
Dillon, P. J., & Molot, L. A. (2005). Long-term trends in catchment export and lake retention of dissolved organic carbon, dissolved organic
nitrogen, total iron, and total phosphorus: The Dorset, Ontario, study, 1978 - 1998. Journal of Geophysical Research, 110, G01002. https://
doi.org/10.1029/2004JG000003
Driscoll, C. T., Driscoll, K. M., Fakhraei, H., & Civerolo, K. (2016). Long-term temporal trends and spatial patterns in the acid-base chemistry of
lakes in the Adirondak region of New York in response to decreases in acidic deposition. Atmospheric Environment, 146, 5–14.
Eimers, M. C., Hillis, N. P., & Watmough, S. A. (2017). Phosphorus deposition in a low-phosphorus landscape: sources, accuracy, and
contribution to declines in surface water P. Ecosystems. https://doi.org/10.1007/s10021-017-01844-2
Eimers, M. C., Watmough, S. A., & Buttle, J. M. (2008). Long-term trends in dissolved organic carbon concentration: A cautionary note.
Biogeochemistry, 87, 71–81.
Einarsdottir, K., Wallin, M. B., & Sobek, S. (2016). High terrestrial carbon load via groundwater to a boreal lake dominated by surface water
inﬂow. Journal of Geophysical Research: Biogeosciences, 122, 15–29. https://doi.org/10.1002/2016JG003495
Elder, J. F., Rybicki, N. B., Carter, V., & Weintraub, V. (2000). Sources and yields of dissolved carbon in northern Wisconsin stream catchments
with differing amounts of peatland. Wetlands, 20, 113–125.
Evans, C. D., Jones, T. G., Burden, A., Ostle, N., Zielinkski, P., Cooper, M. D. A., et al. (2012). Acidity controls on dissolved organic carbon mobility
in organic soils. Global Change Biology, 18, 3317–3331.
Findlay, S. E. G. (2005). Increased carbon transport in the Hudson River: Unexpected consequence of nitrogen deposition? Frontiers in Ecology
and the Environment, 3, 133–137.
Ford, J., Stoddard, J. L., & Powers, C. F. (1993). Perspectives on environmental monitoring: An introduction to the U.S. EPA Long-Term
Monitoring (LTM) project. Water, Air, and Soil Pollution, 67, 247–255.
France, R. L., & Peters, R. H. (1995). Predictive model of the effects on lake metabolism of decreased airborne litterfall through riparian
deforestation. Conservation Biology, 9, 1578–1586.
Garnett, M. H., Ineson, P., & Stevenson, A. C. (2000). Effects of burning and grazing on carbon sequestration in a Pennine blanket bog.
Holocene, 10, 729–736.
Gergel, S. E., Turner, M. G., & Kratz, T. K. (1999). Dissolved organic carbon as an indicator of the scale of watershed inﬂuence on lakes and
rivers. Ecological Applications, 9, 1377–1390.
Graneli, G. W., Lindell, M., & Travnik, L. (1996). Photo-oxidative production of dissolved organic carbon in lakes of different humic content.
Limnology and Oceanography, 41, 698–706.
Hanson, P. C., Bade, D. L., Carpenter, S. R., & Kratz, T. K. (2003). Lakemetabolism: Relationships with dissolved organic carbon and phosphorus.
Limnology and Oceanography, 48, 1112–1119.
Hanson, P. C., Hamilton, D. P., Stanley, E. H., Preston, N., Langman, O. W., & Kara, E. L. (2011). Fate of allochthonous dissolved organic carbon in
lakes: A quantitative approach. PLoS One, 6, e21884.
Hanson, P. C., Pace, M. L., Carpenter, S. R., Cole, J. J., & Stanley, E. H. (2015). Integrating landscape carbon cycling: Research needs for resolving
organic carbon budgets of lakes. Ecosystems, 18, 363–375.
Helsel, D. R., & Hirsch, R. M. (2002). Statistical methods in water resources. Reston, VA: United States Geological Survey.
Hessen, D. O. (1992). Dissolved organic carbon in a humic lake: Effects on bacterial production and respiration. Hydrobiologia, 229,
115–132.
10.1029/2018GL077219Geophysical Research Letters
CORMAN ET AL. 5488
Acknowledgments
Data supporting the analysis and con-
clusions are found either in the cited
references or in the supporting infor-
mation. Funding for this research was
supported by the Northern Research
Station and the Chequamegon-Nicolet
National Forest (CNNF) of the United
States Department of Agriculture
(USDA) Forest Service and a National
Science Foundation (NSF) grant to the
University of Wisconsin-Madison to
support the North Temperate Lakes
Long-Term Ecological Research (NTL-
LTER) Site (DEB-#1440297). We thank
Dale Higgins for maintaining the long-
term chemical data sets for lakes within
the CNNF; Trent Wickham, Sue
Reinecke, Jim Mineau, and Sara Sommer
for project support; and two anon-
ymous reviewers whose insight greatly
improved the quality of this manuscript.
Hessen, D. O., Andersen, T., Larsen, S., Skjelkvale, B. L., & de Wit, H. A. (2009). Nitrogen deposition, catchment productivity, and climate as
determinates of lake stoichiometry. Limnology and Oceanography, 54, 2520–2528.
Hinton, M. J., Schiff, S. L., & English, M. C. (1998). Sources and ﬂowpaths of dissolved organic carbon during storms in two forest watersheds of
the Precambrian Shield. Biogeochemistry, 41, 175–197.
Hirsch, R. M., Alexander, R. B., & Smith, R. A. (1991). Selection of methods for the detection and estimation of trends in water quality. Water
Resources Research, 27, 803–813. https://doi.org/10.1029/91WR00259
Jane, S. F., Winslow, L. A., Remucal, C. K., & Rose, K. C. (2017). Long-term trends and synchrony in dissolved organic matter characteristics in
Wisconsin, USA, lakes: Quality, not quantity, is highly sensitive to climate. Journal of Geophysical Research: Biogeosciences, 122, 546–561.
https://doi.org/10.1002/2016JG003630
Kaiser, K., Guggenberger, G., Haumaier, L., & Zech, W. (2001). Seasonal variations in the chemical composition of dissolved organic matter in
organic forest ﬂoor layer leachates of old-growth Scots pine (Pinus sylvestris L.) and European beech (Fagus sylvatica L.) stands in north-
eastern Bavaria, Germany. Biogeochemistry, 55, 103–143.
Kalbitz, K., Solinger, S., Park, J.-H., Michalzik, B., & Matzner, E. (2000). Controls on the dynamics of dissolved organic matter in soils: A review.
Soil Science, 165, 277–304.
Kissman, C. E. R., Williamson, C. E., Rose, K. C., & Saros, J. E. (2017). Nutrients associated with terrestrial organic matter drive changes in
zooplankton: Phytoplankton biomass ratios in an alpine lake. Freshwater Biology, 62, 40–51.
Kortelainen, P. (1993). Content of total organic carbon in Finnish lakes and its relationship to catchment characteristics. Canadian Journal of
Fisheries and Aquatic Sciences, 50, 1477–1483.
Krabbenhoft, D. P., Benoit, J. M., Babiarz, C. L., Hurley, J. P., & Andren, A. W. (1995). Mercury cycling in the Allequash Creek watershed, northern
Wisconsin. Water, Air, and Soil Pollution, 80, 425–433.
Laudon, H., Sjoblom, V., Buffam, I., Seibert, J., & Morth, M. (2007). The role of catchment scale and landscape characteristics for runoff gen-
eration of boreal streams. Journal of Hydrology, 344(3–4), 198–209. https://doi.org/10.1016/j.jhydrol.2007.07.010
Lennon, J. T., & Pfaff, L. E. (2005). Source and supply of terrestrial organic matter affects aquatic microbial metabolism. Aquatic Microbial
Ecology, 39, 107–119.
Marin, L. E., Kratz, T. K., & Bowser, C. J. (1990). Spatial and temporal patterns in the hydrogeochemistry of a poor fen in northern Wisconsin.
Biogeochemistry, 11, 63–76.
Marin-Spiotta, E., Gruley, K. E., Crawford, J., Atkinson, E. E., Miesel, J. R., Greene, S., et al. (2014). Paradigm shifts in soil organic matter research
affect interpretations of aquatic carbon cycling: Transcending disciplinary and ecosystem boundaries. Biogeochemistry, 117, 279–297.
https://doi.org/10.1007/s10533-013-9949-7
Molot, L. A., & Dillon, P. J. (1997). Photolytic regulation of dissolved organic carbon in northern lakes. Global Biogeochemical Cycles, 11,
357–365. https://doi.org/10.1029/97GB01198
Monteith, D. T., Stoddard, J. L., Evans, C. D., de Wit, H. A., Forsius, M., Hogasen, T., et al. (2007). Dissolved organic carbon trends resulting from
changes in atmospheric deposition chemistry. Nature, 450, 537–540.
National Atmospheric Deposition Program (NRSP-3) (2017). NADP Program Ofﬁce, Illinois State Water Survey, University of Illinois,
Champaign, IL, 61820. Retrieved from http://napd.sws.uiuc.edu on 16 March 2016.
Natural Resources Conservation Service, Soil Survey Staff, United States Department of Agriculture (2017). Web Soil Survey. Retrieved from
https://websoilsurvey.sc.egov.usda.gov/
Oliver, S. K. (2017). Lake morphology and nutrient dynamics at macroscales, (Doctoral dissertation). Retrieved from ProQuest Dissertations &
Theses A&I. (1958951547). The Madison, WI: University of Wisconsin-Madison.
Oni, S. K., Futter, M. N., Kohler, S. J., Ottosson-Lofvenius, M., & Laudon, H. (2013). Long-term patterns in dissolved organic carbon, major elements
and trace elements in boreal headwater catchments: Trends, mechanisms and heterogeneity. Biogeosciences, 10, 2315–2330.
Pregitzer, K. S., Zak, D. R., Burton, A. J., Ashby, J. A., & MacDonald, N. W. (2004). Chronic nitrate additions dramatically increase the export of
carbon and nitrogen from northern hardwood ecosystems. Biogeochemistry, 68, 179–197.
Qualls, R. G., Haines, B. L., & Swank, W. T. (1991). Fluxes of dissolved organic nutrients and humic substances in a deciduous forest. Ecology, 72,
254–266.
R Core Team (2017). R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing.
Read, J. S., & Rose, K. C. (2013). Physical responses of small temperate lakes to variation in dissolved organic carbon concentrations.
Limnology and Oceanography, 58, 921–931.
Redﬁeld, A. C. (1958). The biological control of chemical factors in the environment. American Scientist, 46, 205–221.
Roulet, N., & Moore, T. R. (2006). Browning the waters. Nature, 444, 283–294.
Seekell, D. A., Lapierre, J.-F., Ask, J., Bergstrom, A.-K., Deininger, A., Rodriguez, P., & Karlsson, J. (2015). The inﬂuence of dissolved organic
carbon on primary production in northern lakes. Limnology and Oceanography, 60, 1276–1285.
Selbig, W. R. (2016). Evaluation of leaf removal as a means to reduce nutrient concentrations and loads in urban stormwater. Science of the
Total Environment, 571, 124–133.
Snedecor, G. W., & Cochran, W. G. (1989). Statistical methods (8th ed.). Ames, IA: Iowa State University Press.
Solinger, S., Kalbitz, K., & Matzner, E. (2001). Controls on the dynamics of dissolved organic carbon and nitrogen in a Central European
deciduous forest. Biogeochemistry, 55, 327–349.
Solomon, C. T., Jones, S. E., Weidel, B. C., Buffam, I., Fork, M. L., Karlsson, J., et al. (2015). Ecosystem consequences of changing inputs of
terrestrial dissolved organic matter to lakes. Ecosystems. https://doi.org/10.1007/s10021-015-9848-y
Soranno, P. A., Cheruvelil, K. S., Wagner, T., Webster, K. E., & Bremigan, M. T. (2015). Effects of land use on lake nutrients: the importance of
scale, hydrologic connectivity, and region. PLoS One, 10, e0135454.
Stets, E. G., & Cotner, J. B. (2008). Littoral zones as sources of biodegradable dissolved organic carbon in lakes. Canadian Journal of Fisheries
and Aquatic Sciences, 65, 2454–2460.
Stoddard, J. L., Jeffries, D. S., Lukewille, A., Clair, T. A., Dillon, P. J., Driscoll, C. T., et al. (1999). Regional trends in aquatic recovery from
acidiﬁcation in North America and Europe. Nature, 401, 575–578.
Stoddard, J. L., Van Sickle, J., Herlihy, A. T., Brahney, J., Paulsen, S., Peck, D. V., et al. (2016). Continental-scale increase in lake and stream
phosphorus: Are oligotrophic systems disappearing in the United States? Environmental Science and Technology, 50, 3409–3415.
Strock, K. E., Nelson, S. J., Kahl, J. S., Saros, J. E., & McDowell, W. H. (2014). Decadal trends reveal recent acceleration in the rate of recovery from
acidiﬁcation in the northeastern U.S. Environmental Science & Technology, 48, 4681–4689.
Thurman, E. M. (1986). Organic Geochemistry of natural waters. Boston, MA: Dr W. Junk Publishers.
Vahatalo, A. V., & Wetzel, R. G. (2008). Long-term photochemical and microbial decomposition of wetland-derived dissolved organic matter
with alteration of C-13: C-12 mass ratio. Limnology and Oceanography, 53, 1387–1392.
10.1029/2018GL077219Geophysical Research Letters
CORMAN ET AL. 5489
Wallace, T. A., Ganf, G. G., & Brookes, J. D. (2008). A comparison of phosphorus and DOC leachates from different types of leaf litter in an
urban environment. Freshwater Biology, 53, 1902–1913.
Webster, K. E. (1993). Temporal trends in low alkalinity lakes of the upper Midwest (1983-1989). Water, Air, and Soil Pollution, 67, 397–414.
Webster, K. E., & Brezonik, P. L. (1995). Climate confounds detection of chemical trends related to acid reposition in upper Midwest lakes in
the USA. Water, Air, and Soil Pollution, 85, 1575–1580.
Webster, K. E., Kratz, T. K., Bowser, C. J., Magnuson, J. J., & Rose, W. J. (1996). The inﬂuence of landscape position on lake chemical responses to
drought in northern Wisconsin. Limnology and Oceanography, 41, 977–984.
Webster, K. E., Newell, A. D., Baker, L. A., & Brezonik, P. L. (1990). Climatically induced rapid acidiﬁcation of a softwater seepage lake. Nature,
347, 374–376.
Wetzel, R. G. (2001). Limnology: Lakes and Reservoirs (3rd ed.). San Diego, CA: Elsevier Academic Press.
Wilkinson, G. M., Pace, M. L., & Cole, J. J. (2013). Terrestrial dominance of organic matter in north temperate lakes. Global Biogeochemical
Cycles, 27, 43–51. https://doi.org/10.1029/2012GB004453
Winslow, L. A., Read, J. S., Hansen, G. J. A., & Hanson, P. C. (2015). Small lakes show muted climate change signal in deepwater temperatures.
Geophysical Research Letters, 42, 355–361. https://doi.org/10.1002/2014GL062325
Yanai, R. D., Battles, J. J., Richardson, A. D., Blodgett, C. A., Wood, D. M., & Rastetter, E. B. (2010). Estimating uncertainty in ecosystem budget
calculations. Ecosystems, 13, 239–248.
Zwart, J. A., Craig, N., Kelly, P. T., Sebestyen, S. D., Solomon, C. T., Weidel, B. C., & Jones, S. E. (2016). Metabolic and physicochemical responses
to whole-lake experimental increase in dissolved organic carbon in a north-temperate lake. Limnology and Oceanography, 61, 723–734.
10.1029/2018GL077219Geophysical Research Letters
CORMAN ET AL. 5490
